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Summary. — In the framework of the search of dark matter in galactic halos in 
form of massive compact halo object (MACHOs), we discuss the status of microlens- 
ing observations towards the Magellanic Clouds and the Andromeda galaxy, M31. 
The detection of a few microlensing events has been reported, but an unambiguous 
conclusion on the halo content in form on MACHOs has not been reached yet. A 
more detailed modelling of the expected signal and a larger statistics of observed 
events are mandatory in order to shed light on this important astrophysical issue. 
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1. Introduction 

Gravitational microlensing, as first noted in [1], is a very efficient tool for the detec- 
tion and the characterisation of massive astrophysical halo compact objects (MACHOs), 
a possible component of dark matter halos. Following the first exciting detection of 
microlensing events [2, 3, 4], by now the detection of ^ 30 events have been reported 
towards the Magellanic Clouds and our nearby galaxy, M31, and first interesting conclu- 
sions on this issue have been reported (Section 3 and Section 4). Soon enough, however, 
the Galactic bulge probed to be an almost an interesting target [5], and indeed by now 
the number of observed microlensing events along this line of sight exceeds by two order 
of magnitudes that observed towards the Magellanic Clouds and M31. In that case the 
contribution from the dark matter halo is expected to be extremely small compared to 
that of either bulge or disc (faint) stars [6]. Microlensing searches towards the Galactic 
bulge are therefore important as they allow to constrain the inner Galactic structure 
[7]. Recently, the MACHO [8], OGLE [9] and EROS [10] collaborations presented the 
results of their observational campaigns towards this target. A remarkable conclusion 
is the agreement among these different searches as for the observed value of the optical 
depth and the agreement with the theoretical expectations [11, 12]. For a more recent 
discussion see also [13], where the issue of the bulge mass spectrum is treated. 
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2. The microlensing quantities 

Microlensing events are due to a lensing object passing near the hne of sight towards 
a background star. Because of the event configuration, the observable effect during a 
microlensing event is an apparent transient amplification of the star's flux (for a review 
see e.g. [14]). 

The optical depth is the instantaneous probability that at a given time a given star is 
amplified so to give rise to an observable event. This quantity is the probability to find a 
lens within the "microlensing tube" , a tube around the line of sight of (variable) radius 
equal to the Einstein radius, Re = \/4G/Xi/c^ DiDig/Dg, where /i; is the lens mass, 
Di, Dg are the distance to the lens and to the source, respectively, and Dig = Dg — Di. 
The optical depth reads 

(1) T = ^'^^^s I d,Xp{x)x{l - X) , 

c Jo 

where p is the mass density distribution of lenses and x = Di/Dg- The; optical depth 
provides valuable informations on the overall density distribution of the lensing objects, 
but it can not be used to further characterise the events, in particular, it does not depend 
on the lens mass. This is because lighter (heavier) objects are, for a given total mass 
of the lens population, more (less) numerous but their lensing cross section is smaller 
(larger), and the two effects cancel out. The optical depth turns out to be an extremely 
small quantity, of order of magnitude ^ 10^^. This implies that one has to monitor 
extremely large sets of stars to achieve a reasonable statistics. 

The experiments measure the number of the events and their characteristics, in par- 
ticular their durations. To evaluate these quantities one makes use of the; microlensing 
rate that expresses the number of lenses that pass through the volume element of the 
microlensing tube d?x in the time interval dt for a given lens number density distribution 
n{x) and velocity distribution f{v) 

(2) AT='^xf{vi)d?vi. 

The volume element of the microlensing tube is d^a; = (?v_l • n)dtdS. dS = dldDi is the 
portion of the tube external surface, and Al = utR^.'^a, where ut is the maximum impact 
parameter, is the lens relative velocity with respect to the microlensing tube and Vri. 
its component in the plane orthogonal to the line of sight, and n is the unit vector normal 
to the tube inner surface at the point where the microlensing tube is crossed by the lens. 
The velocity of the lenses entering the tube is vi = Vr +Vt- Vt is the tube velocity. 

The differential rate is directly related to the number of expected microlensing events 
as dA'^ = A'obsTobsdr, where A'obsjTobs are the number of monitored sources and the 
whole observation time, respectively. Furthermore, the distribution for the duration of 
the microlensing events, the Einstein time, t^ = RE/vr±, can also be deduced from the 
differential microlensing rate, as dF/d^E- Besides on the lens mass, the key quantity one 
is usually interested into, t-E depends also on other usually unobservable quantities. It 
is therefore suitable to observe a large enough number of events so to be able to deal 
statistically with the degeneracies intrinsic to the parameter space of microlensing events. 

Eventually note that, in calculating the microlensing quantities, the optical depth and 
the rate, one can also take into account the source spatial and velocity distributions. 
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Fig. 1. - Top left: projection on the sky plane of the column density of the LMC disc and bar. 
The numerical values on the contours are in 10^ M© kpc~^ units. The three innermost contours 
correspond to 10, 20 and 30 x lO'^ M© kpc"^. The location of the MACHO (black stars and 
empty diamonds) and EROS (triangles) microlensing candidates are shown. The x ~ y axes are 
directed towards West and North respectively. From top right to bottom left: contours maps 
of the optical depth for lenses in the Galactic halo, LMC halo and self lensing, respectively. 
The numerical values are in 10~* units. Also shown, the location of the fields observed by the 
MACHO collaboration. (Figures adapted from [24].) 



3. Microlensing towards the Magellanic Clouds 



The first survey aimed at the detection of microlensing events have been carried 
out towards the Large and Small Magellanic Clouds (LMC and SMC, respectively), so 



4 



S. CALCHI NOVATI 



to probe the MACHO content within the Galactic halo. The main results have been 
obtained by the MACHO [15] and the EROS [16] collaborations. 

MACHO reported the detection of 13-17 microlcnsing events towards the LMC, and 
concluded that a rather significant (mass) fraction of the Galactic halo, / ~ 20%, is 
made up of dark mass objects of ~ 0.4 Mq. On the other hand, EROS reported the 
detection of 1 event towards the SMC and no events towards the LMC, whereas they 
evaluated, for a full halo of 0.4 Mq MACHO, an expected number of microlensing events 
39. Correspondingly, EROS put a rather severe upper limit on the halo fraction in 
form of MACHOs, / < 0.08 for 0.4 Mq MACHO objects. 

The disagreement between the results obtained by the MACHO and the EROS col- 
laboration leaves the issue of the halo content in form of MACHOs open. A possible 
issue is the nature of the flux variations reported by the MACHO collaboration. Indeed, 
microlensing searches are plagued by variable stars (that represent the overwhelmingly 
majority of the flux variations detected) masquerading as microlensing events. However, 
Bennet [17] performed a new analysis on the MACHO data set concluding that "[...] 
the main conclusions of the MACHO LMC analysis are unchanged by the variable star 
contamination [. . . ]" . 

Looking for MACHO events, the second background is constituted by "self-lcnsing" 
events, where, besides the source, also the lens belongs to some luminous star population 
(either in the LMC itself or possibly, along the line of sight, in the Galactic disc). This 
possibility was first addressed in [18, 19] and has been further discussed by several authors 
(e.g. [20,' 21]). 

Besides these possible background contaminations, a few aspects of the EROS analysis 
are worth being mentioned. First, while the fields observed by MACHO towards the LMC 
are all concentrated around the central region, EROS monitored an extremely larger 
region. This alleviates the issue of self lensing but also that of a possible dumpiness of the 
Galactic halo right along the line of sight towards the LMC (this argument is balanced, 
however, by the much smaller expected rate in the outer with respect to the inner LMC 
regions). Second, EROS restricted his analysis to a subsample of bright sources, this 
choice being motivated by the superior photometric precision of the corresponding light 
curves (so to reduce possible contamination from variable stars), and by the possibility of 
a better understanding of the so-called "blending" effect. The latter issue is of particular 
relevance in microlensing analyses and it concerns the ability to correctly evaluate the 
source flux, in absence of amplification, in crowded fields where the observed objects 
can be, to some extent, the blend of several stars. It is worth stressing that a similar 
approach was crucial to get to the agreement between the theoretical expectations and 
the measured values of the optical depth in the case of observations towards the Galactic 
bulge. 

More recently, new analyses of the MACHO results have been undertaken. In [22] it 
is shown that the observed events are probably distributed among different components 
(disc. Galactic halo, the LMC halo and self lensing) . Taking advantage of a new modelling 
of both the luminous and the dark components of the LMC [23] , in [24] the self- lensing 
issue has been once more addressed considering the set of microlensing events reported by 
the MACHO collaboration. In Figure 1 the density profile of the luminous components 
of the LMC, disc and bar, is shown together with the optical depth profiles for the 
Galactic halo, the LMC halo and self lensing. Furthermore, through an analysis of the 
differential microlensing rate it has been shown that self-lensing events cannot contribute 
to all of the ~ 10 observed events. First, the expected number for self lensing turns 
out to be significantly smaller, about 1-2 events at most. Second (Figure 2), for self- 
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Fig. 2. - Scatter plot of the observed values (empty boxes) of the Einstein time and of the 
expected values of the median duration (filled stars) with respect to the self-lensing optical 
depth evaluated along the direction of the events. The dashed line for tsl = 2 approximately 
delimits the inner LMC region, where a good agreement is found between the two values for 
most of the observed events, and the outer region, where the rise in the expected duration is 
clearly not observed. (Figure adapted from [24].) 



0^2 



0.4 



0.6 



0.8 1 
m (solar mass) 



0.2 



0.4 



0.6 



0.8 1 
m (solar mass) 



Fig. 3. - Galactic (top) and LMC dark matter halo fraction, median value with 68% CL error, 
as a function of the MACHO mass. For values in the mass range (0.1 — 0.3) Mq, preferred for 
LMC lenses on the basis of an analysis of the event duration and spatial distributions, the LMC 
halo dark matter fraction turns out to be significantly larger than the Galactic one. (Figure 
adapted from [27].) 
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lensing events one expects a peculiar signature in the relationship between the event 
duration and their spatial distribution, with longer durations expected in the outer LMC 
region (where, correspondingly, the self- lensing optical depth turns out to be smaller). 
Such a relationship, however, is not observed. The same set of MACHO events has 
also been analysed in [27], where in particular the question of a possible significant 
contribution to the observed events of lenses belonging to the dark matter halo of the 
LMC, as opposed to those of the Galactic halo population, has been addressed (this 
possibility had previously been discussed in [25, 26]). In particular, studying both the 
spatial and the duration distributions, it is shown that only a fraction of the events 
have characteristics that match those expected for the latter population, hinting that a 
population of somewhat lighter, ~ 0.2 Mq, LMC halo MACHO may indeed contribute 
to the observed events. Challenging the usual assumption of equal halo fractions in form 
of MACHO for the Galactic and the LMC halo it was then shown. Figure 3, that indeed 
for MACHO masses in the range (0.1 — 0.3) Mq the LMC halo mass fraction can be 
significantly larger than the Milky Way's so that up to about half of the observed events 
could indeed be attributed to the LMC MACHO dark matter halo. 

4. — Microlensing towards M31 

The contradictory results of the microlensing campaigns towards the Magellanic Clouds 
challenge to probe the MACHO distribution along different line of sights. The An- 
dromeda galaxy, M31, nearby and similar to the Milky Way, is a suitable target for this 
search [28, 29, 30]. First, it allows us to explore the Galactic halo along a different line 
of sight. Second, it has its own dark matter halo that, as we look at it from outside, 
can be studied globally. We stress that this is a fundamental advantage with respect 
to the Magellanic Clouds searches. The analysis shows that, as an order of magnitude, 
for a given MACHO mass and halo fraction, one expects about 3 microlensing events by 
MACHOs in the M31 halo for each event due to a MACHO in the Galactic halo (in fact, 
in the latter case the number of available lenses is enormously smaller, by about 4 orders 
of magnitude, but this fact is, almost, balanced by the much larger value of the Einstein 
radius). Eventually, the high inclination of the M31 disc is expected to provide a strong 
gradient in the spatial distribution of microlensing events, that can in principle give an 
unmistakable signature for M31 microlensing halo events. 

As compared to that to the LMC and the SMC, ~ 50 kpc, the distance to M31 
is, by more than an order of magnitude, larger, ~ 770 kpc. As a consequence, the 
potential sources of microlensing events are not going to be, as for the Magellanic Clouds, 
resolved objects. This calls for a peculiar technique, usually referred to as "pixel-lensing" , 
whose key feature is the fact that one monitors flux variations of unresolved objects 
in each pixel element of the image [31]. Although, in principle, all stars in the pixel 
field are possible sources one can only detect lensing events due either to bright enough 
stars or to extremely high amplification events (in any case all stars in the pixel field 
contribute to the overall flux background). As it has been first shown by the AGAPE 
group [32], the former case is by far the most likely, with, in any case, a number of 
potential sources per arsec-square that can easily exceed, in the more crowded region, a 
few hundreds. With respect to the analysis towards the Magellanic Clouds this means 
that a huge number of sources is potentially available. However, one must handle with 
the difficulty that the source flux is not a directly observable quantity. This adds a 
further degeneracy in the microlensing parameter space, in particular it does not allow 
one to unambiguously determine, out of the observed event dtiration, the Einstein time. 
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Fig. 4. - Projected on M31, the boundaries of the observed INT fields are shown together with the 
position of the microlensing candidates (circles) reported by the POINT- AGAPE collaboration. 
Note in particular the position of the microlensing event N2, located rather far away from the 
M31 centre, where the expected self-lensing signal is very low. Note also that S4, the M31- 
M32 microlensing event, and S5, a possible binary event not included in the selection, are not 
included in the analysis for the determination of the halo fraction in form of MACHOs. (Figure 
adapted from [43].) 



Instead, what is directly observable is the so-called ii/2, the fuU-width-at-half-maximum 
of the fl-ux variation visible above the background. It turns out that, for self-lensing 
events as well for MACHO events in the mass range preferred by the Magellanic Clouds 
searches, is of order of only a few days. This is shorter than the typical durations 
observed towards the Magellanic Clouds, and this is relevant in the analysis as it makes 
easier the distinction between the contaminating background of variable stars and the 
truly microlensing flux variations. 

The first convincing detection of a microlensing event towards M31 has been reported 
by the AGAPE group [33]. At the same time, other collaborations have undertaken 
searches for microlensing towards M31 and the detection of a few more candidate events 
has been discussed: Columbia- VATT [34], POINT- AGAPE [35, 36], SLOTT- AGAPE 
[37, 38], WeCAPP [39], MEGA [40], NainiTal [41]. 

Beyond the detection of viable microlensing candidates, in order to draw conclusions 
on the physical issue of the nature of the lenses, and therefore on the halo content in 
form of MACHOs, one must develops models able to predict the expected signal. With 
respect to the Magellanic Clouds searches a few important differences arise. First, as a 
direct consequence of the unresolved-source issue, for M31 experiments one has to model 
the luminosity functions of the sources. A related issue is that the intrinsic M31 surface 
brightness shows a strong gradient moving towards the galaxy centre, and this introduces 
a spatial dependent noise level one has to take into account in order to correctly predict 
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Fig. 5. - The POINT-AGAPE results: Most probable values, upper and lower 95% CL limit for 
the halo fraction as a function of the MACHO mass. (Figure adapted from [43].) 



the level of amplification needed, for a given source magnitude, to give rise to a detectable 
microlensing event [42]. 

The second important difference is the ratio of expected self lensing versus MACHO 
lensing, that in the case of observations towards M31 is much larger than for observations 
towards the LMC. This is a consequence of the fact that the M31 luminous components 
are much more massive than the LMC one's. The exact figure depends on the observed 
field of view, the MACHO mass and halo fraction (and also on the not-so- well- known self- 
lensing contribution). However, comparing for instance the MACHO and the POINT- 
AGAPE analyses (to be discussed below) for full halos of ~ 0.5 Mq this ratio turns 
out to be larger, in the M31 case, by about one order of magnitude. As for the search 
of the MACHO lensing signal, this expected self-lensing signal constitutes therefore an 
unwanted background one must be able to deal with and eventually to get rid of. On 
the other hand, a relatively large self-lensing signal is important as it allows one to study 
the characteristics of the M31 stellar populations. 

A complete analysis of the microlensing, observed and expected, signal has been 
performed by the POINT-AGAPE [43] and the MEGA [44] collaborations. The two 
groups shared the same set of data, taken at the 2.5m INT telescope over a period 
of 4 years (1999-2002), but carried out completely independent analyses. As for the 
data analysis, in particular, POINT- AGAPE used the so-called "pixel- photometry" [32], 
while MEGA used the DIA (difference image analysis) photometry [45]. Furthermore, 
the two groups followed different strategies as for the determination of the efficiency 
of their analysis pipeline, this step being the fundamental link between the theoretical 
predictions and the results of the data analysis. 

The conclusions out of these two experiments turned out to be in disagreement. 
POINT-AGAPE claims for an evidence of a MACHO contribution to Galactic halos, 
whereas MEGA finds his detected signal to be compatible with self lensing. 

POINT- AGAPE [43] restricted his search to bright microlensing events, and reported 
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the detection of 6 microlensing candidates, for which the possible variable stars contami- 
nation was throughly discussed and eventually discarded. Among these 6, one was found 
to be located right along the line of sight to M32, a M31 satellite galaxy, and attributed 
to an intergalactic M31-M32 microlensing event [46] and therefore excluded from the 
analysis of the halo content in form of MACHOs. Through a Monte Carlo analysis of the 
expected signal it was then shown that the expected sclf-lensing signal, for viable M31 
luminous models, was at most ~ 1 event, to be compared with ~ 7 events expected for 
full halos (both the Galactic and the M31) of 0.5 Mq MACHOs. Taking into account the 
spatial distribution of the observed events, in that respect it turned out to be particularly 
relevant the position of 1 event, located rather far away from the M31 centre (Figure 4), 
POINT-AGAPE concluded claiming that "[. . . ] the observed signal is much larger than 
expected from self lensing alone and we conclude, at the 95% confidence level, that at 
least 20% of the halo mass in the direction of M31 must be in the form of MACHOs if 
their average mass lies in the range 0.5 — 1 Mq [. . . ]" (Figure 5). 

MEGA [44] identified 14 microlensing candidates reaching, however, an altogether 
different conclusion : "[. . . ] the observed event rate is consistent with the rate predicted 
for self-lensing - a MACHO halo fraction of 30% or higher can be ruled out at the 95% 
confidence level [...]". 

These contradictory results give rises to a through debate. One of the main point 
of disagreement is, in fact, the prediction of the expected self-lensing signal and its 
characterisation with respect to MACHO lensing (e.g. [42, 47, 48]). The results of the 
MEGA experiment have been further analysed in [49, 50], where in particular the spatial 
and the duration distributions of the observed events has been considered, with the 
conclusion that self lensing can not explain all the reported microlensing candidates. 

5. — Conclusions 

Microlensing searches towards the Magellanic Clouds and the Andromeda galaxy, 
M31, have given, in recent years, first exciting though somewhat contradictory conclu- 
sions. The detection of microlensing events has been reported, however their interpreta- 
tion with respect to the halo dark matter issue is still open to debate. Along both line 
of sights "evidence" for a MACHO signal as well as null results have been reported. (We 
may stress that, in the framework of galaxy formation theory, even a relatively "small" 
halo fraction contribution in form of MACHOs, say at the 10%-20% level, may turn out 
to be relevant). New observational campaigns arc currently under way to further address 
this interesting issue. The SuperMACHO collaboration [51] is observing the LMC with a 
much larger field of view than previous campaigns. Towards M31, the Angrstom [52] and 
the PLAN [53] campaigns are currently underway. Both, in different ways, aims rather to 
the central M31 region, so to properly characterise the self-lensing signal. Furthermore, 
as opposed to previous analyses, there is an effort to get to a more suitable sampling 
of the observational data so to allow a better reconstruction of the microlensing event 
parameters, in particular of the Einstein time. 

* * * 

It is a pleasure to thank the organisers of this I Italian-Pakistan Workshop of Rela- 
tivistic Astrophysics for the warm ambience we enjoyed through this interesting meeting. 
Thanks to Jean Kaplan for carefully reading the manuscript. 



10 



S. CALCHI NOVATI 



REFERENCES 

[I] Paczynski B, ApJ, 304 (1986) 1; 

[2] Alcock C. et al., Nature, 365 (1993) 621; 

[3] AuBOURG E. ET al., Nature, 365 (1993) 623; 

[4] Udalski a. et al., Acta Astronomica, 43 (1993) 289; 

[5] Paczynski B., ApJ, 371 (1991) L63; 

[6] Griest K., ApJ, 366 (1991) 412; 

[7] Paczynski B. et al., ApJ, 435 (1994) L113; 

[8] POPOWSKI P. et al., ApJ, 631 (2005) 879; 

[9] SUMI T. et al., ApJ, 636 (2006) 240; 

[10] Hamadaciie C. et al., A&A, 435 (2006) 454; 

[II] Evans N.W. and Belokurov V., ApJ, 567 (2002) L119; 
[12] Han C. and Gould A., ApJ, 592 (2003) 172; 

[13] Calchi Novati S. et al, arXiv:0711.3758, (2007) to appear in A&A; 

[14] Roulet E. and Mollerach S., Physics Reports, 279 (1997) 67; 

[15] Alcock C. et al., ApJ, 542 (2000) 281; 

[16] TisSERAND P. ET AL., A&A, 469 (2007) 387; 

[17] Bennet D. p., ApJ, 633 (2005) 906; 

[18] Sahu K.C., PASP, 106 (1994) 942; 

[19] Wu X.P., ApJ, 435 (1994) 66; 

[20] Gould A., ApJ, 441 (1995) 77; 

[21] Gyuk G. et al., ApJ, 535 (2000) 90; 

[22] Jetzer Ph. et al., A&A, 393 (2002) 129; 

[23] VAN DER Marel et al., A J, 124 (2002) 2639; 

[24] Mancini L. et al., A&A, 427 (2004) 61; 

[25] Gould A., ApJ, 404 (1993) 451; 

[26] Kerins E. and Evans N.W., ApJ, 517 (1999) 734; 

[27] Calchi Novati S. et al., A&A, 459 (2006) 407; 

[28] Crotts a. et al., ApJ, 399 (1992) L43; 

[29] Baillon p. et al., A&A, 277 (1993) 1; 

[30] Jetzer Ph., A&A, 286 (1994) 426; 

[31] Gould A., ApJ, 470 (1996) 201; 

[32] Ansari R. et al., A&A, 324 (1997) 843; 

[33] Ansari R. et al., A&A, 344 (1997) L49; 

[34] Crotts A. and Tomaney A.B. , ApJ, 473 (1996) L87; 

[35] AuRiERE M. et al., ApJ, 553 (2001) L137; 

[36] Paulin-Henriksson S. et al., A&A, 405 (2003) 15; 

[37] Calchi Novati S. et al., A&A, 381 (2002) 848; 

[38] Calchi Novati S. et al., A&A, 405 (2003) 851; 

[39] Riffeser a. et al., ApJ, 599 (2003) LI 7; 

[40] de Jong J. et al., A&A, 417 (2004) 461; 

[41] Josiii Y.C. et al., A&A, 433 (2005) 787; 

[42] Kerins E. et al., MNRAS, 323 (2001) 13; 

[43] Calchi Novati S. et al., A&A, 443 (2005) 911; 

[44] de Jong J. T. et al., A&A, 446 (2006) 855; 

[45] Tomaney A.B. and Crotts A., AJ, 112 (1996) 2872; 

[46] Paulin-Henriksson S. et al., ApJ, 576 (2002) L121; 

[47] Baltz E., ApJ, 624 (2005) 168; 

[48] Riffeser A. et al., ApJS, 163 (2006) 225; 

[49] INGROSSO G. et al., A&A, 445 (2006) 375; 

[50] INGROSSO G. et al., A&A, 462 (2007) 895; 

[51] Rest A. et al., ApJ, 634 (2005) 1103; 

[52] Kerins E. et al., MNRAS, 365 (2006) 1099; 

[53] Calchi Novati S. et al., A&A, 469 (2007) 115; 



